Abstract-Spatial modulation (SM) constitutes an appealing low-complexity single radio frequency (RF) aided multiple-input multiple-output technique. Conventional SM schemes tend to rely on transmit antenna (TA) configurations, where the number of TAs is a power of two. In order to circumvent this limitation, a novel single RF-aided SM conceived for an arbitrary number of TAs (SM-ATA) is proposed, which is then further developed to a twin-RF enhanced SM-ATA (ESM-ATA) schedule for exploiting the diversity advantage of space-time block coding. Furthermore, low-complexity near-optimal detectors are designed for both the SM-ATA and ESM-ATA schemes. Our simulation results show that the proposed SM-ATA schemes offer almost the same performance as conventional SM systems, despite using a reduced number of TAs at the same transmission rate. The proposed twin-RF ESM-ATA schemes provide a beneficial performance gain over the existing twin-RF multiplexing based and space-time coding based SM schemes. Finally, an upper bound is derived for the average bit error probability, which is confirmed by our simulation results.
Phase Modulation (APM) symbols so as to avoid inter-antenna synchronization, while mitigating the inter-antenna inference. Furthermore, SM has been shown to be a promising large-scale MIMO technique for millimeter-wave communications [7] , [8] .
For the conventional single-RF SM scheme, log 2 (N t ) bits are utilized to select the activated TA index from the index group of Λ = {1, 2, ..., N t } and log 2 (M ) bits are mapped to an Mary APM symbol, where N t is the number of TAs. As a result, the conventional SM is only applicable to specific TA configurations associated with log 2 (N t ) being an integer. Recently, the issues of spatial constellation optimization, hybrid bit-to-symbol mapping, link adaptation, and constellation randomization were investigated in [9] [10] [11] [12] [13] [14] [15] [16] , which were applied to single-RF SM. However, the above-mentioned refined transceiver designs still remain unsuitable for an arbitrary number of TAs associated with a single RF.
In order to relax the integer power of two constraint imposed on the number of TAs, single-RF SM was designed for an arbitrary number of TAs in [17] [18] [19] [20] . Specifically, the Fractional Bit Encoded Spatial Modulation (FBE-SM) scheme of [17] mapped the information bits by a block of base-N t representation numbers, but this technique may suffer from error propagation during block-based transmission. In order to improve the performance of the FBE-SM scheme, the Variable Throughput Modulation (VTM) 1 based bit-padding methods were developed in [18] , [19] , which transmitted a variable number of information bits over the different activated TA indices. In [20] , the authors proposed a 3-D mapping aided SM scheme, which relies on a total of N t constellation sets for N t activated indices. Naturally, the optimization of the N t constellation sets may impose extra complexity, especially for a large number of TAs and for a high transmission rate. Furthermore, the activated TA index of the schemes in [19] , [20] did not convey a fixed number of bits, which may impose some extra complexity during the bitto-symbol mapping. As a result, developing a low-complexity bit-to-symbol mapping aided single-RF SM scheme for an arbitrary number of TAs, while retaining all the advantages of the conventional SM scheme remains an open question to be investigated.
Additionally, improved variants of multiple-RF aided SM were developed in [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] to further investigate the multiplexing [21] [22] [23] [24] [25] [26] [27] [28] [29] and diversity gains [30] [31] [32] [33] [34] [35] of SM systems. For the multiplexing based SM schemes, the beam-forming based generalized SM scheme of [21] and the time-variant number of activated TAs based SM scheme of [28] employed N t RF chains at the transmitter. The joint Spatial and Symbol Alphabet based SM (SSA-SM) scheme of [29] relied on N t /2-RF chains at the transmitter. The twin-RF based Quadrature SM (QSM) schemes of [25] and the Enhanced SM (ESM) scheme of [26] , [27] were suitable for the special case, when the number of TAs is an integer power of two. Only the Generalized SM (GSM) scheme of [22] [23] [24] can be applied for an arbitrary number of TAs relying on a twin-RF at the transmitter.
For the space time coding based SM schemes of [30] [31] [32] [33] [34] [35] , the double space-time transmit diversity based SM scheme of [34] and the spatially modulated orthogonal space-time block codes scheme of [35] employed at least four RF chains at the transmitter. The Space Time Block Coding SM (STBC-SM) scheme of [30] , the high rate STBC-SM of [31] , the high rate Multi-Strata Space-Time Coded SM (MSSTC-SM) scheme of [32] and the Modified Codeword based STBC-SM (MC-STBC-SM) of [33] employed twin-RF chains at the transmitter. The schemes in [31] [32] [33] employed similar transmit antenna combination (TAC) groups to that of [30] and achieved a diversity gain by setting different amplitudes and phase rotations for the different TAC groups. As N t increases, the number of different TAC groups increases, hence they require more amplitudes and phases to distinguish the TAC groups. Consequently, the diversity gains of these schemes decrease as N t increases.
Against the above background, the contributions of this paper are summarized as follows: 1) A novel single RF-aided SM scheme is proposed for an Arbitrary Number of TAs (SM-ATA). Specifically, for any non-integer number of bits, the TA index group Λ = {1, 2, ..., N t } is extended to an integer number of bits based index group as
is the size of Λ p and · is the floor operator. Explicitly, when the element q i e j θ is selected in the above SM-ATA mapping, a phase rotation is applied to the classic M -ary constellation symbols transmitted by the q i -th TA. 2) Then, based on the above SM-ATA scheme, a twin-RF Enhanced SM-ATA (ESM-ATA) arrangement is proposed, whose TAs are divided into two sets. The abovementioned SM-ATA scheme relies on N (N < N t ) TAs, while the remaining (N t − N ) TAs are used for enhancing the integrity of the modulated SM-ATA symbols by invoking Alamouti's Space Time Block Coding (STBC). 3) Furthermore, an upper bound of the Average Bit Error Probability (ABEP) is derived for the proposed SM-ATA and ESM-ATA schemes. Finally, low-complexity detectors are developed for both the SM-ATA and ESM-ATA schemes. Our simulation results demonstrate that the proposed SM-ATA scheme approaches the performance of its conventional SM counterpart at the same throughput, despite having a reduced number of TAs. Finally, the further evolved ESM-ATA scheme is capable of providing a beneficial performance gain over the existing twin-RF SM schemes at the same throughput and at the same number of TAs. The remainder of this paper is organized as follows. Section II gives a rudimentary introduction to the conventional SM system. In Section III, the proposed single-RF SM-ATA is introduced and a low-complexity ML detector is developed. In Section IV, we propose the twin-RF ESM-ATA scheme and its low-complexity near-optimal detector. Our theoretical analysis is presented in Section V, while Section VI presents our simulation results. Finally, Section VII concludes this paper.
Notation: · F denotes the Frobenious norm of a matrix; |·| represents the magnitude of a complex quantity; (·) T and (·) H stand for the transpose and the Hermitian transpose of a vector/matrix, respectively.
II. CONVENTIONAL SM SYSTEM
We consider a SM system having N t TAs and N r receive antennas communicating over flat Rayleigh fading channels. In the conventional SM scheme, the information bits are partitioned into two parts, whose log 2 (N t ) bits are used to select an active TA index vector from the index vector set Ω c = {e 1 T ) and log 2 (M ) bits are mapped to an M -ary APM symbol s. Based on the above mapping rule, the transmitted signal x ∈ C N t ×1 can be represented as
where q ∈ Λ denotes the index of the activated TA. For the conventional SM system, when log 2 (N t ) is not an integer, conventional SM mapping becomes impractical. As a result, conventional SM is only suitable, when the number of TAs is a power of two. In order to address this issue, an improved SM scheme is proposed for an arbitrary number of TAs in next section.
III. SINGLE-RF SPATIAL MODULATION FOR AN ARBITRARY NUMBER OF TRANSMIT ANTENNAS
In this section, single-RF SM is proposed for an arbitrary number of TAs. Specifically, when the value of log 2 (N t ) is not an integer, we extend the index group Λ = {1, 2, ..., N t } to an index group having an integer number of bits as
is the size of Λ p . Explicitly, the element q i e j θ in the above SM-ATA mapping represents a phase rotation, which is applied to the classic M -ary constellation symbols transmitted by the q i -th TA.
Example N t = 5: For the case of N t = 5, the conventional index group Λ = {1, 2, 3, 4, 5} is unsuitable for index mapping. For simplicity, we can extend the index group as Λ p = {1, 2, 3, 4, 5, 1e j θ , 2e j θ , 3e j θ }. As a result, for the BPSK-aided SM with N t = 5, the SM-ATA symbol set can be expressed as equation (2), shown at the bottom of the next page. Furthermore, the bit-to-symbol mapping process of the SM-ATA schemes of Example is presented in Table I .
A. The Generalized SM-ATA Design
The generalized system model of the proposed SM-ATA scheme is shown in Fig. 1 , which operates as follows.
Step 1: Determine the index vector set Ω p . 
, e j θ , 0..., 0
Step 2: SM-ATA mapping. Specifically, a block of B = (B 1 + B 2 ) information bits is partitioned into two regiments: 1) B 1 = log 2 (L) bits are utilized to select one of the elements from the set Ω p ; and 2) B 2 = log 2 (M ) bits are mapped to an Mary APM symbol. Specifically, when the element e l (l > N t ) is chosen, the phase of the M -ary APM symbol transmitted by the (q l−N t )-th TA is rotated by θ. Consequently, the SM-ATA symbol x p ∈ C N t ×1 can be represented as
where l denotes the mapping index, which is only the same as the activated TA index q for the specific case of l ≤ N t . For a specific extended index group
.., q L −N t e j θ }, the relationship between l and q is expressed as defined by
where Δ s = x i − x j , q i , q j are the activated TA indices of x i and x j , and l i , l j are the corresponding mapping indices. The Minimum Distance (MD) between x i and x j associated with θ can be expressed as
As a result, θ can be optimized by maximizing the MD aŝ
To provide further insight, Fig. 2 shows the value of δ min (x i , x j , θ) in (7) 
C. Optimal Detector ML Detector: Let H ∈ C N r ×N t and n ∈ C N r ×1 be the MIMO channel matrix and noise matrix, whose entries are complex-valued Gaussian distributed, yielding CN (0, 1) and CN (0, σ 2 ), respectively. The received signal y ∈ C N r ×1 can be formulated as
It follows from (9) that, the optimal ML-based demodulator can be formulated aŝ
where X SM-ATA is the set of SM-ATA symbols. Low-complexity ML detector: Based on the low-complexity optimal detector [4] for conventional SM, the low-complexity optimal detector for the proposed SM-ATA scheme can be introduced based on two scenarios. If the value of N t is a power of two, the detector in [4] can be employed for signal detection directly. Otherwise the receiver signal of (10) is represented as
For each mapping index l ∈ (1, L), we can get one symbols as
, where D(·) is defined as the digital demodulation function andŷ l is defined aŝ
Since we have
according to (13) , the distance metric d l is defined as
Then, the optimal mapping index can be estimated aŝ
Finally, based on the estimatedl and sl, the information bits can be recovered based on the SM-ATA mapping rules. Specifically, sl can be demodulated into bits by APM mapping principle and l is demapped into the bits by the extended index group. Taking the extended index group Λ p = {1, 2, 3, 4, 5, 1e j θ , 2e j θ , 3e j θ } for example, the demodulated process forl can be expressed aŝ
D. Complexity Analysis of the Single-RF SM-ATA Detectors
In this section, the complexity of both the full-dimensional ML and of the single-stream ML SM-ATA detectors is analyzed in terms of the numbers of real-valued multiplications and additions. For the specific matrices A ∈ C m ×n , B ∈ C n ×p , 
, and 2n Floating-point operations (Flops), respectively. Accordingly, the complexity order of the ML detector becomes 
IV. TWIN-RF ENHANCED SPATIAL MODULATION FOR AN ARBITRARY NUMBER OF TRANSMIT ANTENNAS
To improve the diversity gain of the SM-ATA scheme, the ESM-ATA is proposed for an arbitrary number of TAs by invoking the space-time block coding principle. For any number of TAs, the N t TAs are divided into two sets: the first N (N < N t ) TAs are used for conveying a SM-ATA symbol, while the remaining (N t − N ) TAs are used for enhancing the SM-ATA symbol's integrity by invoking space-time block coding. Explicitly, Table II presents the ESM-ATA symbol sets for the cases of N t = 5, N = 3, where the extended index group of the SM-ATA scheme associated with N = 3 is Λ p = {1, 2, 3, 1e j θ }, while s 1 and s 2 denote the M -ary APM symbols. As seen from Table II , the ESM-ATA symbol sets are obtained based on the SM-ATA symbol set consisting of two time slots. For the case of N t = 5, N = 3, the fourth TA and fifth TAs are utilized for invoking Alamouti's space-time block code in conjunction with the first and second TAs. Next, the generalized ESM-ATA system model and our low-complexity detector are detailed as follows.
A. Generalized ESM-ATA Transceiver Design
We consider an ESM-ATA system associated with N t TAs and N r receiver antennas communicating over flat Rayleigh fading channels. The system model of the proposed ESM-ATA scheme is shown in Fig. 3 , which operates as follows.
Step 1: Determine the index group. 1) If log 2 (N ) is an integer, then the index group is Λ p = {1, 2, ..., N }. 2) Otherwise, the size of the new index group is extended to L = 2 log 2 (N t ) , which is formulated as
Step 2: SM-ATA mapping using N TAs and formulating the SM-ATA symbols at the (2t − 1)-st and 2t-th time slots as
with s Step 4: Formulate the ESM-ATA symbols as
According to (21) , the terms x
can be further expressed as
Accordingly, there are at most two nonzero elements for the ESM-ATA symbols x
B. Diversity and Coding Gain of the Twin-RF ESM-ATA
In the proposed ESM-ATA scheme, the left (N t − N ) TAs are used for Alamouti's STBC coding, which is capable of improving the diversity gain of the SM-ATA scheme. The diversity order and the coding gain are dominated by the value of N . Assuming that
are the ESM-ATA symbols, the coding gain of the ESM-ATA scheme is defined by
where we have
Hence, the coding gain of the ESM-ATA scheme can be expressed as
where the rank of Δ H E Δ E in this case is one, hence the diversity order of ESM-ATA becomes one for the case of (N t − N ) < N. Additionally, in this case, for each time slot, the probability of the ESM-ATA symbol having two nonzero elements is equal to
and that of having one nonzero element is equal to P 1 = 1 − P 2 . Assuming that |s
2t )| 2 = 1, the average energy consumption P e is equal to P e = 2P 2 + P 1 , which is satisfied 1 < P e < 2.
Case 2 (N t − N ) ≥ N : For the case of (N t − N ) ≥ N , the ESM-ATA symbols X i and X j can be further expressed for the case of (N t − N ) = N as
or for the case of (N t − N ) > N as 
and the rank of Δ H E Δ E in this case is two, hence the diversity order of ESM-ATA is two for the case of (N t − N ) ≥ N . Additionally, in this case, assuming that |x
, the average energy consumption becomes two.
C. Optimization of the Twin-RF ESM-ATA
In this section, the power allocation of the twin-RF ESM-ATA is further discussed and optimized by maximizing the coding gain. Since the ESM-ATA scheme having an even number of TAs associated with N = N t /2 can achieve the same diversity order and coding gain as the ESM-ATA scheme having an odd number of TAs with N = (N t − 1)/2, we mainly discuss the ESM-ATA schemes having an even number of TAs with N = N t /2 for simplicity. Assuming that the power of the first SM-ATA symbol is √ ρ and the second SM-ATA symbol is √ 2 − ρ, the ESM-ATA symbols X i and X j can be further expressed as
while Δ H E Δ E can be computed as
with
which can be further expressed as
Hence, the coding gain can be expressed as
According to (33), we have
the coding gain can be further expressed as
where δ min = min x 1
and can be obtained by (6) and (7) as
where
As a result, ρ is equal to one to obtain the maximum coding gain G E as
where θ can be obtained via (9) . In short, for a given constellation point set, the coding gain of the proposed twin-RF ESM-ATA schemes remains constant as N t increases. Table III compares the coding gain of ESM-ATA schemes to that of the conventional STBC-SM and MC-STBC-SM schemes. As seen from Table III, for the case of N being a power of two, the coding gain of the proposed ESM-ATA is significantly higher than that of the classic STBC-SM schemes and the coding gain gap increases, as N t increases. When N is not an integer power of two, the proposed ESM-ATA scheme 
D. Optimal and Suboptimal Detectors
Optimal ML-Based Detector: In this section, the ML detector of the proposed ESM-ATA scheme is introduced. According to (10) , the received signal matrix Y t ∈ C N r ×2 consisting of two time slots can be expressed as
Hence, the optimal ML-based demodulator can be formulated aŝ
where X ESM is the set of the proposed ESM-ATA symbols. Observe that the complexity of the ML detector significantly increases with the parameters N t and M .
Low-Complexity Suboptimal Detector: In this section, a lowcomplexity suboptimal detector is proposed for the ESM-ATA system. For the proposed ESM-ATA system associated with (N t , N r , N, M) , both the transmission rate and the performance attained are dominated by the value of N , hence the low-complexity suboptimal detector is designed based on two different scenarios.
Case 1: log 2 (N ) is an integer. In this case, the transmission rate of ESM-ATA is R ESM = log 2 (N ) + log 2 (M ). The size of the index group is L = 2 log 2 (N ) , which is expressed as Λ p = {1, 2, ..., N }. In this case, the mapping index l is always the same as the activated TA index q and the M -ary APM symbols do not have to be rotated by θ. According to (40), the received signal y 2t−1 and y 2t in Y t ∈ C N r ×2 can be
represented as
Hence, the signal matrix [y 2t−1 , y * 2t ] can be expressed as
(44) Then signal detection can be performed based on (43). Since we have q 2t−1 , q 2t ∈ Λ p = {1, 2, ..., N }, there are a total number of N 2 index combinations I formulated as
For each index combination (q 2t−1 , q 2t ) ∈ I m m ∈ (1, N 2 ), we can obtain the corresponding channel matrix W m t according to (44) . Then the associated symbol vector can be estimated aŝ 
Consequently, the final estimated signal can be expressed as (Im ,ŝm t ), which can then be dedulated to generate the information bits by the SM-ATA mapping rule. Case 2: log 2 (N ) is not an integer. In this case, the transmission rate of ESM-ATA is R ESM = log 2 (N ) + 1 + log 2 (M ). The index group is expressed as 
while the relationships between s
2t and s 2t−1 , s 2t are formulated as:
The aim of the low-complexity detector is to accurately estimate l 2t−1 , l 2t , s 2t−1 and s 2t−1 . Specifically, according to (20) - (24), the received signal y 2t−1 and y 2t in Y t ∈ C N r ×2 for this case can be represented as (50), as shown at the top of the page.
where W t can be expressed as (52), as shown at the top of the next page. For the index group Λ p =
, we can obtain the corresponding channel matrix W m t according to (52), and the resultant symbol vector can be estimated aŝ
After formulating L 2 symbol vectors as
, the optimal one can be estimated aŝ
Consequently, the final estimated signal can be expressed as (Im ,ŝm t ), which can be directly demodulated into the original information bits.
E. Complexity Analysis of the Twin-RF ESM-ATA Detectors
In this section, the complexity orders of both the ML and of the low-complexity suboptimal ESM-ATA detectors are analyzed in terms of the numbers of real-valued multiplications and additions. According to (41), the complexity order of the ML detector is expressed as
F requires (16N r N t + 8N r − 2) Flops, and this operation is computed (LM ) 2 times. By contrast, according to (47)-(53), the low-complexity suboptimal detector's complexity becomes
] imposes 32N r + 4Nr + 64 Flops [23] .
2) Equation (47) or (53) represents 32N r + 8Nr Flops.
V. BER PERFORMANCE ANALYSIS OF THE PROPOSED SM-ATA AND ESM-ATA SCHEMES

A. BER Performance Analysis of Single-RF SM-ATA
Let us denote the transmit and receive signal of SM-ATA by x i and x j , respectively. Then the ABEP upper bound is given by:
where P (x i → x j ) denotes the Pairwise Error Probability (PEP) and d(x i , x j ) is the number of bit errors associated with the corresponding PEP event. Based on [23] , the PEP is expressed as
. The average PEP can be written as [23] 
where we have γ ζ =
andζ is the mean value of ζ with N r = 1.
Assuming that l i and l j are the mapping indices of x i and x j , q i and q j are the corresponding activated TA indices of x i and x j , s i and s j are the modulated M -ary APM symbols of of x i and x j , we have the value ofζ SM-ATA = E(
(60) Accordingly, the ABEP of the proposed SM-ATA scheme can be expressed based on (56), (58) and (59). 
B. BER Performance Analysis of Twin-RF ESM-ATA
The ABEP upper bound is given as
where P (X i → X j ) denotes the PEP and d(X i , X j ) is the number of bit errors associated with the corresponding PEP event. Moreover, P (X i → X j ) can be expressed as
Considering that
(63) Averaging (63) over the channel matrix H and using the moment generating function (MGF) approach [30] , the PEP is obtained as (64), shown at the bottom of the page, where κ i,j is the rank of the distance matrix
VI. SIMULATION RESULTS
In this subsection, the performances of the proposed SM-ATA and ESM-ATA schemes are presented and compared in Figs. 4 and 12 . In all the simulation results, perfect channel state information is assumed and the values of the specific θ are selected based on (8) . Specifically, Fig. 4 shows the theoretical and simulation performances of our QPSK-aided SM-ATA scheme for N t = 3 and N r = 1 and those of our QPSK-aided ESM-ATA scheme for N t = 4 and N r = 1 at 4 bits/s/Hz. Moreover, the theoretical and simulation performances of the QPSKaided conventional SM scheme associated with N t = 4 and N r = 1 are added as benchmarkers. As seen from Fig. 4 , the upper bound derived becomes very tight upon increasing the SNR values for the proposed SM-ATA and ESM-ATA schemes, which is helpful for evaluating the BER performances of the proposed SM-ATA and ESM-ATA schemes. Moreover, it is shown that the proposed SM-ATA scheme approaches the performance of the conventional SM scheme, despite having less TAs, while the proposed ESM-ATA scheme is capable of providing an approximately 5 dB gain over the conventional SM scheme.
A. Performance Comparisons of Single-RF SM-ATA Scheme
Fig . 5 compares the BER performance and complexity of both the proposed low-complexity detector and of the ML detector for the 4-QAM-aided, 16-QAM-aided, and 64-QAM-aided SM-ATA schemes associated with N t = 4 and N r = 1. It becomes evident that the proposed low-complexity detector imposes only 10% of the ML detector's complexity at the same performance. The complexity advantage becomes more dominant for high modulation orders. Fig. 6 characterizes the BER performance of the SM-ATA scheme having N t = 127 and N t = 125 at 9 bits/s/Hz Compared to the VTM scheme of [19] and to the 3-D based SM scheme of [20] , the main difference lies in the complexity of bit-to-symbol mapping. For the VTM scheme of [19] , the complexity order of the bit-to-symbol mapping is O(N t ) + C bit2dec , where O(N t ) is the complexity order of bit-to-antenna-index mapping and C bit2dec is the complexity of transforming a block of bits into a decimal format. The complexity order of the bitto-symbol mapping in [20] 
is the complexity order of the constellation design, O(2 n ) is the complexity order of the bit-to-antenna-index mapping. The complexity order of the bit-to-symbol mapping of the proposed scheme is C bit2dec . Hence, the proposed scheme imposes a reduced bitto-symbol mapping complexity in massive MIMO setups.
B. Performance Comparisons of Twin-RF ESM-ATA Systems
Figs. 7-9 compare the BER performance of the proposed ESM-ATA schemes to that of the existing twin-RF schemes in conjunction with different antenna configurations. ML detectors are employed for the simulation results of Figs. 7-9. Specifically, Fig. 7 compares the performance of the proposed ESM-ATA schemes to that of the space-time coding based SM schemes having N t = 4 N r = 2 and N t = 8 N r = 2. QPSK is employed in the proposed ESM-ATA, STBC-SM [30] and MC-STBC-SM [33] schemes, while BPSK is employed in the MSSTC scheme [32] . Observe from Fig. 7 that the ESM-ATA scheme associated with N t = 4, N = 2, N r = 2 and N t = 8, N = 2, N r = 2 outperforms the classic SM-STBC schemes by about 1 dB and 2 dB at BER = 10 −5 , respectively. Fig. 8 compares the performances of the proposed ESM-ATA schemes to that of the existing twin-RF SM schemes having N t = 4 at 6 bits/s/Hz. 32-QAM is employed by the ESM-ATA, STBC-SM and MC-STBC-SM schemes. Furthermore, QPSK is employed in the GSM and QSM schemes, while mixed BPSK and QPSK are employed in the ESM and SSA-SM schemes. For the case of N t = 4, N r = 2, the ESM-ATA scheme associated with N = 2 outperforms the STBC-SM, the MC-STBC-SM, the GSM, the ESM, the SSA-SM, and the QSM schemes by around 2 dB, 2.5 dB, 5 dB, 7 dB, 8 dB and 9 dB at BER = 10 −5 . The performance advantages become more dominant for the case of N t = 4, N r = 1. Fig. 9 compares the performance of the proposed ESM-ATA scheme to that of the space-time coding based twin SM schemes and to the multiplexing based SM schemes having N t = 6 N r = 1 at 6 bits/s/Hz and 7 bits/s/Hz. 16-QAM, 32-PSK and N = 3 are employed for ESM-ATA scheme to achieve 6 bits/s/Hz and 7 bits/s/Hz. For the case of N t = 6, only the GSM scheme is suitable for the twin-RF chain scenario at the transmitter. Mixed BPSK-QPSK and QPSK are employed for the GSM schemes to achieve 6 bits/s/Hz and 7 bits/s/Hz. Observe from Fig. 9 that the proposed ESM-ATA schemes provide considerable performance gains over the GSM schemes and offer a similar performance as the STBC-SM and MC-STBC-SM schemes. Fig. 10 compares both the BER performance and complexity of the proposed low-complexity detector and of the ML detector for the 4-QAM-aided ESM-ATA schemes in conjunction with different number of receiver antennas at 4 bits/s/Hz. It is shown that the ESM-ATA associated with the proposed low-complexity detector is capable of achieving about 90% complexity reduction over its ML counterpart at the cost of around 1 dB performance loss for the case of N r = 1. Moreover when the value of N r increases, the ESM-ATA scheme using the proposed lowcomplexity detector offers nearly the same performance as its ML counterpart, despite its 90% complexity reduction. to achieve throughputs of 6 bits/s/Hz and 8 bits/s/Hz. The performances of the ML detector based STBC-SM [30] , of the Alamouti [36] and of the GSM schemes having the same transmission rates were also added for comparisons. Our simulation results have shown that the proposed ESM-ATA scheme associated with LC detector is capable of approaching the performance of its ML counterpart for these setups. The QPSK-aided ESM-ATA schemes having N t = 32, N = 16, N r = 2 and N t = 30, N = 15 N r = 2 offer nearly the same performance and outperform the STBC-SM scheme [30] and the Alamouti [36] scheme by 2 dB and 6 dB at BER = 10 −5 , respectively. The 16-QAMaided ESM-ATA scheme having N t = 32, N = 16, N r = 2 outperforms the STBC-SM scheme [30] and the GSM scheme [22] by 2 dB and 10 dB at BER = 10 −5 , respectively. Finally, Fig. 12 presents the performances of the LC detector based ESM-ATA schemes advocated, which have N t = 128 and N t = 256 associated with N r = 2 and N r = 4 at 8 bits/s/Hz. In these setups, the existing STBC-SM scheme of [30] becomes impractical due to the high complexity of its bit-to-symbol mapping. The performance of the Alamouti scheme associated with 8 bits/s/Hz was also added as a benchmarker. Observe from Fig. 12 that the proposed scheme having two-RF chains is capable of attaining in excess of 15 dB performance gain over the conventional Alamouti scheme for both N r = 2 and for N r = 4.
VII. CONCLUSION
In this paper, a novel single RF-aided SM scheme is proposed for an arbitrary number of TAs. Based on the proposed SM-ATA scheme, a twin-RF ESM-ATA is also proposed for an arbitrary number of TAs. Low-complexity detectors are designed for both the SM-ATA and ESM-ATA schemes, which are capable of achieving 90% complexity reduction at a negligible performance loss. Both our simulation and theoretical results have demonstrated that the proposed SM-ATA is capable of approaching the same performance as the conventional SM system at a reduced number of TAs, while the proposed ESM-ATA scheme is capable of providing considerable performance gains over the conventional twin-RF based SM system at the same number of TAs. Moreover, the proposed single-RF and twin-RF schemes are more attractive for employment in massive MIMO downlink communications.
